Background: The role of estrogens in male physiology has become evident. However, clinically useful normative data for estradiol secretion in boys has not previously been established due to the insensitivity of current methods used in clinical routine. By use of a validated ultra-sensitive extraction RIA, our aim was to establish normative data from a group consisting of healthy boys in prepuberty and during pubertal development.
Background
During the last 10-15 years, the role played by estrogens in male physiology has been highlighted. Apart from normal physiology processes involving the reproductive system, growth spurt, epiphyseal closure and bone mineralization [1] [2] [3] , estrogen has been suggested to have a role in pathological processes in male infertility in obesity [4] and cardiovascular diseases [5] . To study these conditions in boys and to be able to mimic physiological concentrations during estrogen, androgen or aromatase inhibitor therapy, we need information of both androgen and estradiol serum levels. So far androgen levels and diurnal variation in boys are well characterized [6] [7] [8] , but normative data for the 24-hours secretion pattern of estradiol in boys throughout puberty is still lacking.
Determination of serum estradiol concentrations in boys has been fraught with problems of analytical insensitivity, lack of specificity [9] and has been done without validation or attention to the pitfalls when determining low serum estradiol concentrations, resulting in misleading reference intervals. Most commercial available immunoassays significantly overestimate estradiol concentrations at the low levels found in children, men and postmenopausal women, though results can be erroneously low as well [10] [11] [12] [13] . Assays that utilize an organic solvent extraction step to remove interfering substances, such as non-specific-bindings and binding globulins, have been shown to give lower values which more resemble values measured by MS-based methods [12, 13] .
In the present study, we present data on the 24-hours secretion of serum estradiol in healthy boys throughout puberty in relation to their testosterone secretory dynamics, determined by a validated ultra-sensitive extraction estradiol RIA with detection limit 4 pmol/L and functional sensitivity 6 pmol/L.
Methods

Study group
The study group consisted of 44 healthy Swedish boys derived from a group described in a previous report [8] . Twenty-one of the boys were being studied due to short (n = 18) or tall stature (n = 3), otherwise healthy. The remainder were recruited as healthy control volunteers (n = 23). All boys were investigated over a 10 years period at Göteborg Pediatric Growth Research Centre at the Queen Silvia Children's Hospital in Göteborg, Sweden. The 44 boys had participated either in a cross-sectional study consisting of 36 boys at various pubertal stages or in a semilongitudinal study of 8 boys followed-up with measurements twice (n = 1), three (n = 5) or four times (n = 1) or throughout pubertal development (n = 1).
Assent to inclusion in the study was obtained from each boy and informed consent from parents. The protocol was approved by the Ethics Committee of the Medical Faculty at the Sahlgrenska Academy at University of Gothenburg.
Blood sampling and clinical protocol
A total of sixty-two 24-hour serum profiles were taken from the 44 boys. Serum estradiol concentrations in midpuberty and late puberty have in part been reported previously for semi-longitudinally followed participants [14] . The 44 boys stayed in the hospital for at least 2 days for each serum profile. A heparinized needle was inserted during the first evening or morning. Blood for estradiol and testosterone measurements was taken at 1000, 1400, 1800, 2200, 0200 and 0600 h. After centrifugation, the serum samples were stored in -20 C until assayed. The storage time varied from 1 month up to 13 years (median 7 years) and all samples underwent a maximum of one freeze-thaw cycle before assay of estradiol.
During each visit to the clinic, height was measured by stadiometer, testicular volumes were determined by orchidometer [15] and bone age was assessed using the method of Tanner and Whitehouse (TW II) [16] . Based on the results from testosterone concentrations in relation to testicular volume [8] , each boy's puberty was classified into five stages: pre (testis 1-2 mL), early (testis 3-6 mL), mid (testis 8-12 mL), late-1 (testis 15-25 mL, from 1 year before PHV up to 2 years after PHV, not reached final height) and late-2 (testis 15-25 mL, 2-3 years after PHV, reached final height). Further detailed information about the boys is described in a previous report [8] .
Estradiol determination
Serum 17β-estradiol concentrations were determined in duplicate by an assay which involves a diethyl ether extraction step prior to quantification by a modified commercial RIA (Spectria ® Estradiol RIA, Orion Diagnostica; Espoo, Finland). The extraction estradiol RIA has been meticulously validated for pediatric use [11, 17] . The analytical detection limit for the extraction RIA was 4 pmol/ L, calculated as the apparent concentration 3 SD from the counts at maximum binding, multiplied with the concentration factor obtained in the extraction step. The functional sensitivity was 6 pmol/L, defined as the lowest concentration that can be measured with an interassay CV of 20%. The recovery of estradiol using the extraction procedure was 91% [11] and all results have been corrected for the extraction loss. The cross-reactivity of the 17β-estradiol antiserum had been tested for 30 estradiolrelated steroids. The cross-reactivity was below 1% for estrone, 16-oxoestradiol, estradiol-3-glucuronide, estriol, and 16-hydroxyestrone, below 0.1% for progesterone, corticosterone, 2-hydroxyestradiol, and below 0.001% for the rest of the related steroids. The intra-assay CV was 10-17% in the 5-37 pmol/L range, while the interassay CV was 19% at 6 pmol/L and below 14% for concentrations of 12 pmol/L and above. The extraction estradiol RIA has been shown to perform well in clinical practice for more than a decade at our laboratory and is an accredited assay by SWEDAC in Sweden, SS-EN ISO 15189 (no 1899).
For estimation of stability, three pooled samples from children at different serum estradiol levels had been thawed seven times to evaluate repeated thawing. As a check of long duration storage, aliquots of three serum pools (10, 20 and 600 pmol/L) were stored at -20 C and determination of estradiol concentrations have been done yearly for seven years. It was found that the estradiol concentrations were not affected by long term storage or affected by repeated freeze/thaw cycles.
Statistical procedures
Non-parametric statistical methods were used for analyses. The Mann-Whitney test was used for comparison in estradiol concentrations between pre-, early and midpubertal stages and therefore boys followed with repeated estradiol measurements (n = 2) were excluded. The Wilcoxon signed rank sum test was used for analysis of diurnal variations and the progress of estradiol concentrations between mid, late-1 and late-2 pubertal stages as the progress was mainly based on serum from boys who had participated several times. In statistical analyses and figures, values of estradiol below the detection limits were set to the expected value of 2 pmol/L (the detection limit divided by 2). Mean estradiol levels were calculated as the mean value of six samples drawn over an interval of 24 hours. As the serum estradiol and testosterone levels were not normally distributed, linear regression analyses and 5 th and 95 th percentiles were performed on log-transformed data. A p-value of < 0.05 was considered significant.
Results
Serum estradiol levels and diurnal rhythm in boys
Serum estradiol levels increased progressively throughout male puberty (Figure 1 ). The increase was significant from prepuberty to early puberty (p < 0.01), from mid to late-1 puberty (p < 0.05) and from late-1 to late-2 puberty (p < 0.05). In prepubertal boys, the estradiol concentrations were barely detectable ( Table 1) . Six of the 16 prepubertal boys had no estradiol concentrations above the detection limit during the 24-hours sampling. In early puberty, 12 out of 17 boys had samples above the detection limit during the 24-hours sampling, however, no synchronized diurnal rhythm could be distinguished (Figure 2A) . In mid-puberty, the majority of the boys showed serum estradiol concentrations above the detection limit. Seven out of ten boys displayed a diurnal rhythm, with low levels in the afternoon/evening and higher levels in the morning. Statistical analysis showed significantly higher estradiol concentrations at 0600 h compared to 1000 -1800 h and 0200 h (Table 1, Figure 2B ). In late-1 puberty, a pronounced increase of estradiol levels took place as all boys had detectable concentrations at all sampling times and the diurnal rhythm was established with peak levels at 0600 to 1000 h, and 8 out of 10 had nadir at 2200 h. Boys in late puberty at final height had significantly higher estradiol concentrations compared to those in late puberty, who had not yet reached final height. Furthermore, their diurnal rhythm was characterized by peak levels at 0600 to 1000 h and nadir at 2200 or 0200 h (Table  1 , Figures 2C, D) . The relative diurnal rhythm was significantly higher in mid-puberty (48%), late-1 (50%) and late-2 (41%) puberty than early puberty (14%) when calculated as the percentage increase at 0600 to 1000 h from the nadir at 2200 to 0200 h, (Figure 3 ).
Relation between estradiol and androgens
The progress of serum estradiol, serum testosterone and serum DHEAS in relation to chronological age and bone age is presented in Figure 4 . Although testosterone and DHEAS in boys shows more or less constantly increasing levels, the estradiol concentrations showed slow progress to a bone age of around 12 years. At bone age 14 years (that is pubertal stage late-1), all boys displayed estradiol levels over 20 pmol/L. Serum testosterone levels associated strongly with total serum estradiol levels (R 2 = 0.56, p < 0.001). When dividing the group into different pubertal stages, the strongest correlation was found for late pubertal boys (r = 0.58, p < 0.001), where we also found the steepest regression line ( Figure 5 ). The regression analysis for boys in early and mid-puberty showed similar regression lines and were therefore merged to one group in figure 5. Serum DHEAS concentrations correlated with serum estradiol concentrations (r = 0.61, p < 0.001), however, no correlation was found within each pubertal stage. Serum testosterone and DHEAS concentrations for this sample of boys have been published previously [8] .
Discussion
This is the most comprehensive study on the 24-hours estradiol levels and the diurnal variation of serum estradiol in healthy boys before puberty and during pubertal development. No diurnal rhythm was identified in pre-or early puberty, but it was discernable in mid-puberty and evident in late pubertal stages with peak values at 0600 to 1000 h and nadir at 2200 to 0200 h. Even if the diurnal rhythm of estradiol was not as marked as for testosterone in mid-and late pubertal boys [8] , the intra-individual variability in estradiol from nadir to peak value was greater than the interassay CV for the extraction RIA. The present study is somewhat limited by the fact that low number of subjects were studied in each pubertal group.
The strengths of our estradiol assay is due to the fact that the RIA itself is sensitive as well as specific and that the extraction procedure removes interfering substances [11] . Furthermore, our assay has proved to determine results that, from the physician's point of view, are reliable and clinically useful to assess different endocrine conditions. E.g., it has in the present study and in previous studies [11, 17] shown potential to distinguish prepubertal values from early pubertal values. It has shown ability to determine dose-response on breast development during hormone replacement therapy of girls [18] as well as during estrogen suppression therapy of girls with precocious puberty [11] . It is well established that direct immunoassays do not perform well at low estradiol concentrations, not even those with low analytical detection limit [10, 11, 13] . Therefore, with up-to-date knowledge, we are concerned that other previous studies on serum estradiol secretion in boys determined by direct immunoassays [6, [19] [20] [21] [22] [23] have shown falsely high concentrations. In the present study, estradiol results for various pubertal stages in boys are comparable or somewhat higher compared with results determined with ultra-sensitive recombinant cell bioassays [24] [25] [26] and show similar or lower values compared to the few studies [27, 28] that have used sensitive liquid chromatography-MS/MS.
Mean estradiol concentration during 24-hours secretion
The source of estradiol biosynthesis in the growing boy is complex and not fully understood. In adult men however, the major source of estradiol biosynthesis is aromatization of androgens in peripheral tissues e.g. muscles and adipocytes by endocrine or intracrine pathways or by sulfated precursors being hydrolysed and converted into estrogens [29] [30] [31] . Only 15-25% is synthesized in the testis. In our study it is obvious that a substantial increase in estradiol levels as well as a marked diurnal rhythm of estradiol does not appear until the end of puberty. During mid-puberty, the testosterone levels are not far from adult levels but the estradiol levels are still low. This is highlighted in figure 5 where testosterone concentrations (e.g. 10 nM testosterone) can be seen in both mid-puberty and Twenty-four hours secretion pattern of serum estradiol in healthy pubertal boys late puberty resulting in 3 times higher levels of estradiol in late puberty than in mid-puberty. In the beginning of puberty, boys have a low aromatization capacity [32, 33] which probably is due to a low capacity in the developing testis [34] .
Conclusion
With the use of an ultra-sensitive extraction RIA, designed for measuring low estradiol concentrations in serum, we have established reliable and clinically useful data from a group of healthy prepubertal and pubertal boys. Serum concentrations of estradiol increased from pre-to early puberty but then remained relatively constant until the marked increase between mid and late-1 puberty, and thereafter a slower increase until late-2 puberty. The diurnal rhythm of serum estradiol in boys was not apparent until mid-to late puberty. The slow progress of estradiol from early puberty to mid-puberty despite a marked increase in testosterone levels is most likely due to a limited aromatization capacity in the growing boy.
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Diurnal rhythm of serum estradiol during pubertal development in healthy boys Figure 3 Diurnal rhythm of serum estradiol during pubertal development in healthy boys. For each study subject, the percentage difference from the mean value/24 h was calculated every four hours before dividing into pubertal groups. Data are shown as the mean value ± standard error of the mean for each pubertal group and clock time. Data is based on 17 boys in early puberty with testicular volume 3-6 mL, 10 boys in mid-puberty with testicular volume 8-12 mL, 10 boys in late puberty, with testicular volume 15-25 mL who have not reached final height and 9 boys in late puberty, with testicular volume 15-25 mL who have reached final height. Mean concentration during 24 hours of serum estradiol, testosterone and DHEAS in relation to chronological age and bone age (TW2) in healthy boys Figure 4 Mean concentration during 24 hours of serum estradiol, testosterone and DHEAS in relation to chronological age and bone age (TW2) in healthy boys. Estradiol and testosterone values below the detection limits are set to the expected values of 2 pmol/L and 0.02 nmol/L, respectively, before calculation of mean value. Linear regression analysis between serum testosterone and serum estradiol during 24-hours sampling at different pubertal stages in healthy boys Figure 5 Linear regression analysis between serum testosterone and serum estradiol during 24-hours sampling at different pubertal stages in healthy boys. Boys followed up by repeated measurements were randomized to participate once in the analyses. Serum estradiol correlated significantly with serum testosterone: r = 0.38, p < 0.001 and r = 0.58, p < 0.001 for early to mid-puberty and late puberty, respectively. Estradiol values below the detection limit are set to the expected value of 2 pmol/L. 
